ABSTRACT DEAD-box polypeptide 4 (DDX4) is an evolutionally conserved ATP-dependent RNA helicase that is exclusively expressed in germ cell lineage. Although DDX4 is believed to reside and function in the cytoplasm, recent studies in mice and humans suggest that its epitope is expressed on the cell surface of a small subpopulation in the ovary, putative oogonial stem cells. No study has examined whether such cell-surface DDX4 + cells exist in the testes of any species. In this study, we explored cell-surface DDX4 + cells in postnatal porcine testes before the onset of spermatogenesis, where gonocytes, which are the precursors of spermatogonial stem cells, are the only germ cell population. Transfection experiments demonstrated that recombinant porcine DDX4 can be expressed on the cell surface, and cell-surface DDX4-immunoreactive cells were identified in the testis by flow cytometry. Although the DDX4-expressing cells identified in the testis were indeed gonocytes, the cell-surface DDX4-immunoreactive cells expressed negligible DDX4 mRNA and protein levels. Furthermore, they did not express other germ cell markers, such as ZBTB16, NANOS2, and DAZL, but prominently expressed early primordial germ cell markers, such as PRDM1, IFITM3, and EPCAM. Nonetheless, the cell-surface DDX4-immunoreactive cells generated neither germ cell colonies nor teratomas following transplantation into immunocompromised mouse testes. Taken together, these results demonstrate that testicular cell-surface DDX4-immunoreactive cells are not germ cells and constitute a distinct subpopulation that is different from gonocytes. Moreover, the subpopulation in porcine testes might be species specific because no DDX4-immunoreactive cells were found in postnatal mouse testes.
INTRODUCTION
The DEAD-box polypeptide 4 (DDX4) gene encodes an ATP-dependent RNA helicase that is a member of the AspGlu-Ala-Asp (DEAD)-box protein family [1] . DDX4 was initially identified in screens for maternal-effect genes that alter the anterior-posterior pattern of Drosophila embryos and has been called vasa in Drosophila [2] . Further studies demonstrated that vasa is a maternal factor required for the formation of pole cells, which are the precursors of germ cells [1] [2] [3] . Orthologues of vasa have been identified in all sexually reproducing animals examined, and their expression has been found to be restricted to the germ cell lineage [4] . In mice, DDX4, also known as mouse vasa homologue, expression begins during the gonadal primordial germ cell (PGC) stage and continues until the postmeiotic stage in both sexes [5] . Although female homozygous Ddx4 knockout mice show no obvious reproductive defects and are fertile, male knockout mice are sterile as a result of spermatocyte arrest during the leptotene-to-zygotene stage of meiotic prophase I, thereby indicating that DDX4 is required for meiotic progression in spermatogenesis [6] . In normal males, DDX4 is present in germ granules such as the perinuclear granules (nuages) of spermatocytes and chromatoid bodies in round spermatids [7] . These cytoplasmic organelles contain RNAs and are the location for piRNA-mediated gene silencing and posttranscriptional mRNA processing. DDX4 has been shown to involve the processes in the germ granules [7, 8] .
Although DDX4 is a component of germ granules and is exclusively distributed in the cytoplasm of germ cells, recent studies have suggested that an anti-DDX4 antibody against the C-terminus of human DDX4 binds to the cell surface of a small subpopulation of postnatal mouse and human ovarian cells [9, 10] . Furthermore, these studies demonstrated that the cellsurface DDX4-immunoreactive ovarian cells extensively proliferated in vitro and generated mature oocytes following intraovarian transplantation, suggesting that the cell-surface DDX4-immunoreactive ovarian cells are oogonial stem cells (OSCs), which are female germline stem cells [9, 10] . However, the existence of OSCs is controversial among reproductive biologists because independent corroboration of their existence has not been established [11] [12] [13] , and several questions remain [14, 15] . One puzzling issue is cell-surface expression of DDX4 in putative OSCs. Although DDX4 has been studied as an RNA helicase for years in various organisms, no study has identified cell-surface expression of the molecule [1] [2] [3] [4] [5] [6] [7] [8] . Furthermore, developing oocytes that express abundant levels of the DDX4 protein in the cytoplasm did not show cell-surface immunoreactivity [10] . Therefore, the possibility of cross-reaction of the anti-DDX4 antibody should be carefully examined. Moreover, no study has investigated whether cell-surface DDX4-immunoreactive cells exist in the testes of any species. At present, cell-surface DDX4-immunoreactive cells have been identified only in mouse and human ovaries.
In this study, we investigated DDX4-expressing cells in porcine testes before the onset of spermatogenesis, which starts approximately 100-120 days postpartum [16] . During the prespermatogenesis period, gonocytes (also referred to as prospermatogonia), which are the precursors of spermatogonial stem cells (SSCs), are the only germ cell population in the testes [17] [18] [19] . We first cloned porcine DDX4 (pDDX4) cDNA from neonatal testis and overexpressed recombinant DDX4 in COS-1 cells to confirm cross-species reactivity of the antihuman DDX4 antibody, which has been used for identification of cell-surface DDX4-immunoreactive ovarian cells [9, 10] and germ cells in various mammalian species [8, [20] [21] [22] . After confirming specific cross-species reactivity, we examined whether pDDX4 can be expressed on the cell surface using the pDDX4-transfected cells. Our transfection experiments demonstrated that recombinant pDDX4 can be expressed on the cell surface, and therefore we explored cell-surface DDX4-expressing cells in the postnatal porcine testis. Although cellsurface DDX4-immunoreactive cells were found in the testis, they constituted a non-germ cell population that was different from gonocytes.
MATERIALS AND METHODS

Testis Samples and Cell Preparation
All experimental procedures were approved by the Guidelines for Institutional Laboratory Animal Care and Use of the School of Veterinary Medicine at Kitasato University, Japan. Porcine testes were obtained at castration from 1-to 106-day-old pigs (Duroc, Berkshire, Duroc 3 Large White, Large White 3 Landrace, and Landrace 3 Large White) housed in Kitasato University Field Science Center, Towada Experimental Farm. Porcine testis cell suspensions were prepared by enzymatic digestion using collagenase and trypsin [23] . After removing the tunica albuginea, testis tissues were minced with scissors. The minced tissue was mildly digested with 1 mg/ml collagenase (Sigma-Aldrich, St. Louis, MO) at 378C for 15 min followed by incubation with 0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA) and 7 mg/ml DNase (Sigma-Aldrich) solution at 378C for 15 min. The reaction was stopped by adding one-tenth the volume of fetal bovine serum (FBS). The cell suspension was incubated with red blood cell lysis buffer (0.15M NH 4 Cl and 0.01M KHCO 3 ) and overlaid with 20% Percoll solution (Sigma-Aldrich). After centrifugation at 600 3 g for 5 min at 48C, the pellet was resuspended in PBS containing 1% FBS. The cell suspensions were used for Western blot analysis, flow-cytometric analysis and cell sorting, gene expression analysis, and cell transplantation. Murine testicular cells were prepared by enzymatic digestion using trypsin from 1 and 5-day-old C57BL/6 mice (Japan SLC, Inc., Shizuoka, Japan) as described [24] .
cDNA Cloning of Porcine DDX4
Total RNA was extracted with Trizol (Invitrogen) from 7-day-old pig (Duroc 3 Large White) testes followed by RNeasy column purification (Qiagen, Hilden, Germany) [25] . The cDNA was synthesized from 5 lg of the total RNAs by oligo-dT priming using the SuperScript III First-Strand Synthesis System (Invitrogen). The pDDX4 cDNA was amplified using a primer set that was designed using the pDDX4 sequence (GenBank accession no. NM_001001910). The forward and reverse primers (pDDX4 Fw primer-1 and pDDX4 Rv primer-2) contain the initiator methionine codon and the termination codon, respectively. The primer sequences used for PCR in this study are shown in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). The PCR consisted of one cycle of 15 sec at 948C, 30 cycles of 10 sec at 988C and 5 sec at 558C, followed by a 2-min extension at 728C, and was performed using PrimeSTAR HS DNA Polymerase (Takara, Shiga, Japan). The PCR-amplified product was cloned into pCR-Blunt II-TOPO (Invitrogen) and sequenced (DDBJ/GenBank/EMBL accession no. AB823012). Because the sequence result indicated that the isolated cDNA clone was a different gene from NM_001001910, four PCR primers (pDDX4 Fw primer-3, pDDX4 Rv primer-4, pDDX4 Fw primer-5, and pDDX4 Rv primer-6) were designed based on the human and bovine DDX4 cDNA sequences (NM_024415 and NM_001007819) to clarify the corresponding sequences of the pDDX4 Fw primer-1 and pDDX4 Rv primer-2. A primer pair of pDDX4 Fw primer-3 and pDDX4 Rv primer-4, a sense primer of the 5 0 -untranslated region of the human/bovine sequences, and an antisense primer of AB823012 (position 268-289), were used to amplify the 5 0 -untranslated region containing the pDDX4 Fw primer-1 sequence. A primer pair of pDDX4 Fw primer-5 and pDDX4 Rv primer-6, a sense primer of AB823012 (position 1624-1645) and an antisense primer of the 3 0 -untranslated region of the bovine sequence, were used to amplify the 3 0 -untranslated region containing the pDDX4 Rv primer-2. The PCR consisted of one cycle of 15 sec at 948C, 30 cycles of 10 sec at 988C and 5 sec at 558C, followed by a 1-min extension at 728C, and was performed as above. The resulting PCR product was cloned into pCR-Blunt II-TOPO and sequenced. Based on our sequence result, two primers (pDDX4 Fw primer-7 and pDDX4 Rv primer-8), which did not overlap with the pDDX4 Fw primer-3 and pDDX4 Rv primer-6, were designed to amplify the complete coding sequence of pDDX4 (AB823012). The PCR product was cloned and sequenced as above. The resulting plasmid was designated as pCRpDDX4. For confirmation, pDDX4 cDNA cloning from 102-day-old pig (Duroc) testis cDNA was performed using the pDDX4 Fw primer-7 and pDDX4 Rv primer-8.
Plasmid Construction
The expression plasmid pEPI-CAG was constructed by replacing the cytomegalovirus (CMV) promoter of the pEPI plasmid (gift from Dr. Hans Lipps, University of Witten/Herdecke) [26] with the chicken b-actin-based CAG promoter of pCAGGS (gift from Dr. Jun-ichi Miyazaki, Osaka University) [27] . Subsequently, the full-length pDDX4 coding sequence in pCR-pDDX4 was transferred to pEPI-CAG, resulting in pEPI-CAG-pDDX4, which is a pDDX4 expression plasmid. To generate a FLAG-tagged pDDX4 expression plasmid, an in-frame SalI site was added to the N-terminus of pDDX4 by PCR of the full-length pDDX4 coding sequence using the pDDX4 Fw primer-9 and pDDX4 Rv primer-10, which contained the SalI and ApaI recognition sites, respectively. The SalI-ApaI pDDX4 fragment was inserted into the SalI-ApaI site of pCMV-tag2 (Stratagene, La Jolla, CA). An Nterminal-deleted pDDX4 expression plasmid pEPI-CAG-DDX4DN was generated by transferring the BamHI-NotI pDDX4 fragment of pCR-pDDX4 into pEPI-CAG. The pFLAG-DDX4DN was generated by inserting the BamHI-NotI fragment of pCR-pDDX4 into pCMV-tag2. The pEPI-CAG-KIT was generated by transferring mouse KIT cDNA from pSRa-KIT (gift from Dr. Tetsuo Sudo, Toray Industries, Inc., Tokyo, Japan) into pEPI-CAG.
Transfection and Flow Cytometry
COS-1 cells in a 12-well plate were transfected with 2 lg of the expression plasmids (pEPI-CAG-DDX4, pEPI-CAG-DDX4DN, FLAG-DDX4, FLAG-DDX4DN, or pEPI-CAG-KIT) or the corresponding empty vectors by using the DEAE-dextran/chloroquine method. At 24 h after transfection, the COS-1 cells were harvested by 0.05% trypsin-EDTA (Invitrogen) and replated onto a 12-well plate. At 24 h after replating, the COS-1 cells were collected with 0.2 mM EDTA and stained with antibodies in PBS containing 1% FBS. COS-1 cells transfected with the DDX4-expression plasmids were stained with rabbit antihuman DDX4 antibody (1:1000; ab13840; Abcam, Cambridge, MA) or mouse anti-FLAG antibody (1:1000; F3165; Sigma-Aldrich), followed by staining with AlexaFlour-488 conjugated donkey anti-rabbit IgG (1:1000; A21206; Molecular Probes, Eugene, OR) or AlexaFlour-488 conjugated goat anti-mouse IgG (1:1000; A11001; Molecular Probes). COS-1 cells transfected with pEPI-CAG-KIT were stained with PE-conjugated anti-mouse KIT antibody (1:400; 105807; Biolegend , San Diego, CA). Stained cells were analyzed by a flow cytometer (FC500; Beckman Coulter, Brea, CA).
Western Blot Analysis
For Western blot analysis of COS-1 cells transfected with various pDDX4 expression constructs, the cells were lysed with RIPA buffer (2% SDS, 20 mM Tris-HCl pH 6.7, 5 mM EDTA, and 80 mM DTT) after 48 h of transfection. Protein concentration was determined by the Lowly method. Protein lysates were separated on 10% SDS-PAGE followed by transfer to polyvinylidene fluoride membranes. The membranes were blocked in 2% skim milk in PBS for 1 h at room temperature and stained with rabbit anti-human DDX4 antibody (1:10 000-20 000; ab13840; Abcam), mouse anti-FLAG antibody (1:10 000; F3165; Sigma-Aldrich), mouse anti-ATP1A1 (1:20 000; ab7671; Abcam), and mouse anti-human a-tubulin (1:16 000; sc-5286; Santa Cruz Biotechnology, Santa Cruz, CA). Horseradish peroxidase-conjugated donkey anti-rabbit IgG (1:10 000-20 000; NA934; GE Healthcare, Piscataway, NJ) or sheep antimouse IgG antibody (1:8000-20 000; NA931; GE Healthcare) was used as the secondary antibody, and signals were detected using the ECL advance system (GE Healthcare). For Western blot analysis of the membrane fraction of transfected COS-1 cells, the Mem-PER Eukaryotic Membrane Protein Extraction Reagent Kit (Pierce, Rockford, IL) was used to purify the membrane fraction according to the manufacturer's instructions. For Western blot analysis of porcine testis cells, testis cell suspensions were placed on gelatin-coated culture dishes and incubated in a 5% CO 2 incubator at 378C for 24 h. After 24 h, nonadherent cells were collected by gentle pipetting. Nonadherent cells and adherent cells were lysed with RIPA buffer, and the subsequent procedures were performed as described above.
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Immunohistochemistry
Testis tissue fragments were embedded in an OTC compound (Sakura Finetechnical, Tokyo, Japan) and frozen in liquid nitrogen. Frozen tissue blocks were stored at À808C until sectioning. Frozen sections were cut into 6-lm-thick slices, placed onto glass slides, and fixed in 2% paraformaldehyde for 20 min at room temperature. After incubating with blocking solution (4% goat serum, 1% BSA, 0.1% cold fish skin gelatin, 0.1% Triton X-100, 0.05% Tween 20, and 0.05% sodium azide in PBS) for 20 min to prevent nonspecific antibody binding, the sections were stained with rabbit anti-human DDX4 antibody (1:2000; ab13840; Abcam), mouse anti-ZBTB16 (1:100; OP-128; Calbiochem, La Jolla, CA), and mouse anti-Laminin (1:100; NCL-LAMININ; Leica Biosystems, Newcastle upon Tyne, U.K.) at 48C overnight. The sections were then stained with AlexaFlour-488 conjugated goat anti-rabbit IgG 2b (1:500; A21131; Molecular Probes), AlexaFlour-568 conjugated goat anti-rabbit IgG (1:1000; A11011; Molecular Probes), and AlexaFlour-647 conjugated goat anti-mouse IgG 1 (1:500; A21240; Molecular Probes) for 60 min at room temperature. Nuclear counterstaining was done with 4 0 ,6-diamidino-2-phenylindole (DAPI; Molecular Probes) and then analyzed using a laser scanning confocal microscope (LSM710; Carl Zeiss, Oberkochen, Germany).
Flow Cytometry and Fluorescence-Activated Cell Sorting
Single cell suspensions of porcine testis cells were stained with rabbit antihuman DDX4 antibody (1:1000; ab13840, Abcam), followed by AlexaFlour-488 conjugated donkey anti-rabbit IgG (1:1000; A21206, Molecular Probes). The stained cells were analyzed and sorted by Epics Altra (Beckman Coulter). In a separate set of experiments, porcine testis cells were stained with rabbit anti-human DDX4 antibody (1:1000; ab13840, Abcam) or mouse anti-DDX4 monoclonal antibody (1:1000; ab27591, Abcam) followed by staining with AlexaFlour-488 conjugated donkey anti-rabbit IgG (1:1000; A21206, Molecular Probes) or AlexaFlour-488 conjugated goat anti-mouse IgG (1:1000, A11001, Molecular Probes), respectively. Propidium iodide (PI, SigmaAldrich) was added to a final concentration of 2 lg/ml to evaluate cell viability before flow cytometric analysis. The stained cells were analyzed by FC500 (Beckman Coulter). For flow cytometry of murine testis cells, single cell suspensions were stained with PE/CY5-conjugated anti-mouse THY1 antibody (1:200; 105313, Biolegend), PE-conjugated anti-mouse ITGAV antibody (1:200; 104105, Biolegend), and rabbit anti-human DDX4 antibody (1:1000; ab13840, Abcam) followed by staining with AlexaFlour-488 conjugated donkey anti-rabbit IgG (1:1000; A21206, Molecular Probes). The stained cells were analyzed by Epics Altra (Beckman Coulter).
Immunocytochemistry
Five thousand cells of cell-surface DDX4 þ , cell-surface DDX4 À , and unfractionated (cells inside a gate to eliminate debris and aggregates) fractions were isolated by fluorescence-activated cell sorting (FACS) and collected on MAS-coated glass slides (Matsunami Glass, Osaka, Japan). Immediately, the glass slides with the sorted cells were placed at 48C for 1 h to allow the cells to attach to the slides. Then the cells were fixed with 2% paraformaldehyde for 20 min at 48C, permeabilized with blocking solution, and stained with the antihuman DDX4 antibody (1:1000; ab13840; Abcam) at 48C overnight. The cells were then stained with AlexaFlour-568-conjugated goat anti-rabbit IgG (1:1000; A11011; Molecular Probes), and nuclear counter staining was done with DAPI. DDX4 þ cells were analyzed using a fluorescence microscope (DMRE; Leica Microsystems Wetzlar GmbH, Wetzler, Germany). More than 300 cells per fraction were analyzed.
Quantitative RT-PCR
Twenty thousand cells of cell-surface DDX4 þ , cell-surface DDX4 À , and unfractionated fractions were sorted by FACS. Total RNA was extracted from the sorted cells, and cDNA was synthesized as described above. Quantitative PCR (qPCR) was performed using StepOne plus (Applied Biosystems, Foster City, CA) and the SYBR green PCR master mix (Applied Biosystems). Primer sequences are provided in Supplemental Table S1 . Relative gene expression was determined by normalizing the levels of the target gene expression against 18s ribosomal RNA expression by using the 2-DDCT method.
Transplantation
Cell-surface DDX4-immunoreactive cells and unfractionated cells were sorted by FACS and resuspended in a serum-free culture medium for mouse SSCs [28] . The sorted cells were stored at 48C overnight. The next day, the cells were labeled with 2.5 3 10
À6 M PKH26 (Sigma-Aldrich) according to the manufacturer's instructions and were then transplanted into recipient mouse testes via efferent duct injection [29] . For recipient animals, immunocompromised male mice, KSN nu/nu and NOD scid/scid, were used. The KSN nu/nu and NOD scid/scid male mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan) and Charles River Laboratories Japan, Inc. (Kanagawa, Japan), and were treated with 44 and 33 mg/kg busulfan (Sigma-Aldrich), respectively, at least 6 wk prior to transplantation. Approximately 8 ll of 0.8-16 3 10 6 cells/ml were transplanted into each testis. Three months after transplantation, the testes were analyzed using a fluorescent stereomicroscope (SZX16; Olympus, Tokyo, Japan). Germ cell colonies consisting of PKH-26 þ cells were counted and normalized to the 1 3 10 6 cells transplanted into the recipient testes.
Statistical Analysis
All data are presented as the mean 6 SEM. Data were analyzed by one-way analysis of variance followed by the Tukey-Kramer multiple comparison test.
RESULTS
Cloning of Porcine DDX4 cDNA
Although the nucleotide sequence of pDDX4 cDNA (GenBank accession no. NM_001001910) has been reported [30] , we determined the open reading frame (ORF) sequence of pDDX4 expressed in testes because splicing variants of DDX4 have been identified in some mammalian species, including mouse and human [22] . To clone the pDDX4 ORF, cDNA was generated from neonatal porcine testis, and PCR using primer pairs designed with reference to NM_001001910 was performed. A single 2.2-kb fragment was amplified and cloned into a plasmid vector to determine the sequence. The sequence represented a 2187-base-pair (bp) ORF and encoded 729 amino acids, which included nine conserved sequence motifs that are common to all DEAD-box genes (Supplemental Fig. S1 ; DDBJ/GenBank/EMBL accession no. AB823012). Interestingly, NM_001001910 contains a 2166-bp ORF encoding 722 amino acids, and the differences between AB823012 and NM_001001910 are distributed across the entire sequence ( Supplemental Fig. S2) ; therefore, AB823012 is not a splice variant of NM_001001910. Comparison of the nucleotide and deduced amino acid sequences between NM_001001910, human, mouse, cattle, and AB823012 (protein ID; BAO53983) is shown in Supplemental Figs. S2 and S3 [4, 30] . In the nucleotide sequence analysis, AB823012 has the highest homology with cattle (95%) and the lowest homology with mouse (87%). Intriguingly, the similarity between AB823012 and NM_001001910 was 89%, which is lower than that between NM_001001910 and human (91%). A phylogenetic tree of deduced amino acid sequences displays a similar result, in which BAO53983 and cattle show an evolutionarily close relationship (Supplemental Fig. S4) . We confirmed the sequence of AB823012 using another testis sample (Duroc, 102-day-old). We sequenced a total of 12 clones of DDX4 cDNAs from two independent domestic pigs, Sus scrofa domesticus. All sequences were identical to AB823012, and we never cloned NM_001001910. In the previous study that reported NM_001001910 [30] , neither the strain of pig nor the origin of cell type used for the cDNA cloning was described. Therefore, we refer to AB823012 as pDDX4 hereafter because it is not clear that NM_001001910 is DDX4 cDNA derived from domestic pigs.
Expression Analysis of Porcine DDX4 in COS-1 Cells
We first examined whether an anti-human DDX4 antibody, which has been used for detection of cell-surface DDX4 in mouse and human OSCs [9, 10] , cross-reacts with pDDX4. A pDDX4 expression plasmid was transfected into COS-1 cells,
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and Western blot analysis was performed. A sample of pDDX4-transfected COS-1 cells yielded 3 bands: one was 80 kDa, and two were approximately 70 kDa, which appeared as nearly one band (Fig. 1A) . The predicted molecular weight of full-length pDDX4 is 80 kDa, and, notably, the intensity of the 80-kDa band was stronger than those of the ;70-kDa bands. No bands were detected in a sample of COS-1 cells transfected with a control plasmid. These results show that the anti-human DDX4 antibody cross-reacts with the full-length pDDX4 (80 kDa) and small isoforms (;70 kDa).
Although the initiation ATG codon lies within a Kozak consensus sequence, a potential initiation ATG codon also exists at nucleotide 250 in the pDDX4 cDNA (Supplemental Fig. S1 ). We speculated the small isoform might be translated from the ATG codon at nucleotide 250 and that the resulting isoform lacks the N-terminus. The predicted molecular weight of such a small isoform lacking the N-terminus is 71 kDa. To test this possibility, we constructed a FLAG-pDDX4 expression plasmid in which the FLAG-tag was attached to the Nterminus of the pDDX4 cDNA (Fig. 1B) . The resulting FLAGpDDX4-plasmid was transfected into COS-1 cells, and Western blot analysis using an anti-FLAG antibody and the anti-DDX4 antibody was performed. Faint bands of ;70 kDa and a strong 80-kDa band were detected in the FLAG-pDDX4-transfected cells with use of the anti-DDX4 antibody, whereas only the 80-kDa form was detected with the anti-FLAG antibody (Fig. 1A) . These results suggest that the small isoforms lack the N-terminus.
Cell-Surface Expression of Porcine DDX4 in Transfected Cells
Next, we investigated whether pDDX4 can be expressed on the cell surface. The COS-1 cells were transfected with the pDDX4 expression plasmids and then stained with the antihuman DDX4 antibody. Flow-cytometric analysis showed that 3.0 6 0.8% (n ¼ 4) of cells were DDX4 þ (Fig. 2, A and B) . To
FIG. 1. Specific binding of anti-human DDX4 antibody to pDDX4. A)
Western blot analysis of pDDX4 and FLAG-pDDX4 using antibodies against human DDX4 and the FLAG peptide is shown. The expression plasmid for pDDX4 or FLAG-pDDX4 was transfected into COS-1 cells. Two days after transfection, cell lysates were prepared for Western blot analysis. Plasmids without the pDDX4 gene were used as the control (mock). B) Schematic representation of pDDX4, FLAG-pDDX4, pDDX4DN, and FLAG-pDDX4DN is shown. The peptide sequence of the FLAG tag peptide is underlined.
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evaluate the transfection efficiency, we introduced an expression plasmid for mouse KIT, which is a transmembrane tyrosine kinase receptor, into COS-1 cells and stained with an anti-KIT antibody. In the KIT-transfected cells, flow cytometry showed that 82.5 6 0.3% (n ¼ 4) of cells were KIT þ ( Fig. 2A) . Considering there was such high transfection efficiency, only a small subpopulation of pDDX4-transfected cells expressed pDDX4 on the cell surface.
In our Western blot analysis of the pDDX4-and FLAGpDDX4-transfected COS-1 cells, small isoforms of pDDX4 lacking the N-terminus were identified, although the expression levels were low (Fig. 1A) . This prompted us to examine whether the small isoforms are responsible for cell-surface expression. Therefore, we constructed an N-terminus-deleted pDDX4 expression plasmid, namely, pDDX4DN, which lacked 83 amino acids from the N-terminus (Fig. 1B) . Following transfection of the pDDX4DN plasmid into COS-1 cells, the amount of DDX4 þ cells was slightly increased to 5.2 6 0.8% (n ¼ 4; Fig. 2, A and B) ; however, the results were not significantly different from those obtained following transfection with pDDX4. Therefore, both the pDDX4 and the pDDX4DN forms seem to be expressed on the cell surface in a similar manner.
A previous study suggested that the C-terminus but not the N-terminus of human DDX4 is expressed on the cell surface [10] . Therefore, we transfected COS-1 cells with FLAGpDDX4 or FLAG-pDDX4DN, in which the FLAG-tag was attached to the N-terminus of pDDX4DN (Fig. 1B) , and stained the cells with the anti-FLAG antibody to examine whether the N-terminus was on the cell surface. Flow cytometry showed that there was a negligible amount of FLAG þ cells in both types of transfected cells (Fig. 2, A and B) , whereas 4.7 6 0.9% (n ¼ 4) and 5.4 6 0.3% (n ¼ 4) were DDX4 þ when FLAG-pDDX4 or FLAG-pDDX4DN was transfected, respectively (Fig. 2, A and B) . These results indicate that the Cterminus but not the N-terminus of pDDX4 was localized to the cell surface, which is in agreement with the previous study [10] . Furthermore, these results exclude a possibility that the cell-surface pDDX4 on the COS-1 cells was due to attachment of pDDX4 released from other transfected COS-1 cells. If that was the case, some of COS-1 cells should be stained with the anti-FLAG antibody as well. However, no FLAG þ cells were detected, indicating that pDDX4 is expressed on the cell surface in the transfected COS-1 cells.
To confirm the cell-surface expression of pDDX4, we performed immunocytochemistry of pDDX4-transfected COS-1 cells using antibodies against DDX4 and Na 
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(ATP1A1), which is a marker for plasma membrane-associated proteins. As shown in Figure 2C , pDDX4 was detected in the cell-surface membrane, where ATP1A1 was colocalized. Furthermore, Western blot analysis of the membrane and cytosol fractions of the pDDX4-transfected COS-1 cells showed that pDDX4 was present in both fractions (Fig. 2D) . Collectively, our results from flow cytometry, immunocytochemistry, and Western blot analysis support the conclusion that pDDX4 is expressed on the cell surface in pDDX4-transfected COS-1 cells.
Expression Analysis of Porcine DDX4 in Postnatal Testes
After we confirmed that the anti-human DDX4 antibody specifically binds pDDX4, the antibody was used to investigate DDX4 expression in postnatal porcine testes. Histologically, gonocytes are identified as relatively large cells with round pale-staining nuclei in the seminiferous tubules [21, 31] . Immunohistochemical analysis of the 1-to 106-day-old pig testes showed that all the DDX4-immunoreactive cells were located within the lumen of the seminiferous tubules that were visualized by laminin staining, which depicts the basement membrane (Fig. 3A) . The DDX4-immunoreactive cells were large round cells with a lighter DAPI staining pattern (Fig. 3A) . Furthermore, the DDX4-immunoreactive cells expressed ZBTB16, which is a transcriptional repressor unique to gonocytes and undifferentiated spermatogonia (Fig. 3A) [21, 32] . Therefore, the immunohistochemical analysis showed that all the DDX4-immunoreactive cells in the postnatal testes are gonocytes.
Next, Western blot analysis was performed to investigate the molecular form of pDDX4 expressed in the gonocytes. Because we could not detect pDDX4 when whole-testis lysate samples were used, we fractionated testis cells by differential plating. After cultivating the testis cell suspensions for 24 h, adherent and nonadherent cells were separately harvested. Gonocytes are enriched in the nonadherent cell fraction due to their nonadherent character [21, 33] . Western blot analysis of the fractionated samples detected 80-kDa pDDX4 in the nonadherent cell fraction but not in the adherent cell sample (Fig. 3B) . Although a previous study of porcine testes detected a single 65-kDa band [30] , we could not detect either a 65-kDa band or the ;70-kDa bands that were detected in the pDDX4-transfected COS-1 cells. Collectively, these immunohistochemical and immunoblot analyses confirm that the DDX4-expressing cells in the testes are gonocytes.
Identification and Characterization of Cell-Surface DDX4-Immunoreactive Cells in Postnatal Porcine Testes
We next examined whether gonocytes express DDX4 on the cell surface. Testis cell suspensions from postnatal pigs were stained with the anti-DDX4 antibody and analyzed by flow cytometry. We successfully identified cell-surface DDX4-immunoreactive cells from 1-to 106-day-old pigs at a relatively constant rate, 2.2 6 0.2% (n ¼ 16; G2 in Fig. 4A ). These cells were not stained with PI, indicating that they were live cells with intact cell membranes (Supplemental Fig. S5A) . Intriguingly, flow-cytometric analysis indicated that the stained cells (G2) were forward scatter (FS) lo side scatter (SS) lo , suggesting that they are small cells (Fig. 4A) . Subsequently, we collected the cell-surface DDX4-immunoreactive cells (G4 in Fig. 4B ) by FACS and investigated cytoplasmic DDX4 expression by immunocytochemistry. The sorted cells from the G4 fraction consisted of small (7.5-10 lm) and star-shaped cells (Fig. 4B) . Although characteristic large round cells (15-20 lm) , which are typical of gonocyte morphology [33, 34] , were found in the G1 fraction (Fig. 4, A and B) and the cellsurface DDX4
À cell fraction (G3 in Fig. 4B ), no such large cells were found in the G4 fraction. The large cells in the G1 and G3 fractions were found to be cytoplasmic DDX4 þ as expected, and the percentages were 3.0 6 0.4% (n ¼ 4) and 4.6 6 0.9% (n ¼ 4), respectively (Fig. 4, C and D) . No cytoplasmic
DDX4
þ cells were found in the G4 fraction (0.2 6 0.1%, n ¼ 4; Fig. 4, C and D) . It should be noted, however, that cellsurface DDX4-immunostaining was indeed observed in the sorted G4 cells (Supplemental Fig. S6A ), whereas cytoplasmic DDX4 þ cells in the G3 fraction exhibited no cell-surface DDX4 immunoreactivity (Supplemental Fig. S6B ). These results demonstrated that the cell-surface DDX4-immunoreative cells did not contain gonocytes and that gonocytes do not show cell-surface DDX4 immunoreactivity. In addition, a monoclonal anti-DDX4 antibody, which also binds to the Cterminus of pDDX4, did not show cell-surface immunoreactivity in the testis cell suspension (Supplemental Fig. S5B) , suggesting that the cell-surface DDX4 immunoreactivity is a specific reaction by the anti-DDX4 antibody that has been used for identification of cell-surface DDX4-immunoreactive ovarian cells [9, 10] . Table S1 . D-F) Data are shown as mean 6 SEM of four independent replicates (11-to 106-day-old pig testes). *P , 0.05; **P , 0.01.
CELL-SURFACE DDX4-IMMUNOREACTIVE CELLS IN TESTES
To verify whether cell-surface DDX4-immunoreactive cells express DDX4 transcripts, DDX4 mRNA expression in the G4 fraction was validated by qRT-PCR. Two primer pairs were used to amplify the N-terminus (exons 1-3) and the C-terminus (exons [19] [20] . The qRT-PCR analysis using either primer combination showed 22-and 17-fold lower DDX4 mRNA levels in G4 cells than those in G3 cells (Fig. 4E) . Taking into account the low cell number of cytoplasmic DDX4 þ cells in the G3 fraction (4.6%; Fig. 4D ), DDX4 mRNA expression in the G4 cells was negligible. We also investigated the mRNA expression levels of other germ cell markers in each fraction. The qRT-PCR analysis revealed that ZBTB16, DAZL, and NANOS2 were also negligible in the G4 cells. Furthermore, the POU5F1, PUM1, KIT, and NANOG transcripts also were not increased in the G4 cells. These results indicate that the cells in the G4 fraction were not germ cells. Interestingly, they strongly expressed PRDM1, IFITM3, and EPCAM, which are expressed in PGCs in mice [35, 36] , and ACTB was also characteristically expressed in G4 cells (Fig. 4F) . PUM2 expression showed only a 2-fold increase in G4 cells compared with G3 cells (Fig. 4F) . Although PRDM1, IFITM3, EPCAM, and PUM2 are expressed in germ cells in mice, their expression is not restricted to the cell type [37] [38] [39] [40] .
To determine whether the cell-surface DDX4-immunoreative cells have stem cell activity, we transplanted them into the seminiferous tubules of immunodeficient mice treated with busulfan. If they were gonocytes, they would generate germ cell colonies [33, 41] . On the other hand, if they were PGCs, they would generate teratomas [42, 43] . G4 and G1 cells were isolated by FACS, labeled with the cell-tracking reagent PKH26, and transplanted into the seminiferous tubules of recipient mice. Three months after transplantation, the transplanted testes were analyzed. Although some PKH26 þ cells were found in the testes transplanted with G4 cells, neither germ cell colonies nor teratomas were generated (Fig. 5 , A-C and Table 1 ). By contrast, the G1 cells generated germ cell colonies ( Fig. 5D and Table 1 ). These results demonstrate that the cell-surface DDX4-immunoreative cells are neither gonocytes nor PGC-like cells.
No Cell-Surface DDX4-Immunoreactive Cells in Postnatal Murine Testes
Finally, we examined whether cell-surface DDX4-immunoreactive cells exist in postnatal testes of other species. In the mouse, the antigenic profile of gonocytes and SSCs has been determined as THY1 þ ITGAV lo [24, 44] ; therefore, we investigated postnatal murine testes. THY1
þ ITGAV lo cells in 1-day-old neonates are gonocytes, while those in 5-day-old pups are undifferentiated spermatogonia, including SSCs, which arise from gonocytes. Previous studies using a functional transplantation assay have demonstrated that the THY1 þ ITGAV lo cell populations have indeed SSC activity [24] . Testis cell suspensions were prepared from 1-and 5-dayold mouse testes and stained with the anti-THY1, anti-ITGAV, and anti-DDX4 antibodies, followed by flow cytometry. As shown in Figure 6 , A and D, no DDX4-immunoreactive cells were found in whole-testicular cell populations in either testis sample. Furthermore, any DDX4 immunoreactivity was not detected in the THY1 þ ITGAV lo cells in both testes (Fig. 6 , B, 
DISCUSSION
In this study, we found cell-surface DDX4-immunoreactive cells in postnatal porcine testes, as previously reported in mouse and human ovaries [9, 10] . Although previous studies suggest that the ovarian cell-surface DDX4-immunoreactive cells are OSCs, our study demonstrates that the probable counterpart in the porcine testis is neither the gonocyte, which is the precursor of SSC, male germline stem cell, nor another type of germ cell that has stem cell potential.
We initially cloned pDDX4 cDNA (AB823012) from a neonatal pig testis and constructed expression plasmids to enable transfection experiments to verify the reactivity of the anti-human DDX4 antibody to pDDX4. Our transfection experiments using COS-1 cells and the pDDX4 cDNA confirmed that the antibody specifically recognizes recombinant pDDX4 and detected both cytoplasmic and cell-surface pDDX4 in the transfectants. Subsequently, we identified cellsurface DDX4-immunoreactive cells in postnatal porcine testis cell suspensions by flow cytometry. However, we conclude that the cell-surface DDX4-immunoreactive cell population did not contain gonocytes due to the following reasons. First, flowcytometric analysis showed that the cell-surface DDX4-immunoreactive cells were small cells (FS lo SS lo ), whereas gonocytes are large round cells [21, 33, 34] . Indeed, the size of the cell-surface DDX4-immunoreactive cells isolated by FACS were 7.5-10 lm, whereas gonocytes were 15-20 lm. Second, the levels of DDX4 mRNA were negligible in the cell-surface DDX4-immunoreactive cells. The qRT-PCR analysis showed that their DDX4 levels were approximately 20-fold lower than those of the cell-surface DDX4
À cell population. Third, the cytoplasmic DDX4 þ cells were found only in the cell-surface DDX4 À cell fraction. All the stained cells in the cell-surface DDX4
À cell fraction had a large round shape, indicating that they were gonocytes. Fourth, our transplantation experiments demonstrated that the cell-surface DDX4-immunoreactive cells did not generate germ cell colonies in the recipient testes. Following transplantation into seminiferous tubules, gonocytes generate germ cell colonies because they are the precursors of SSCs [24, 34] . Collectively, our data demonstrate that cellsurface DDX4-immunoreactive cells and gonocytes are two distinct populations in the porcine testes. The cell-surface DDX4-immunoreactive cells might be unique in postnatal porcine testes because we could not detect such immunoreactivity in postnatal murine testes.
These results raise an important question: was the binding of anti-DDX4 antibody to cell-surface DDX4-immunoreactive cells in postnatal testes a result of a cross-reaction to unknown cell-surface antigen? If so, the cell-surface DDX4-immunoreactive cells are likely non-germ cells. This speculation is supported by the negligible expression levels of ZBTB16, NANOS2, and DAZL, which are evolutionally conserved germ cell markers [2, 3, 20, 21, 32] . However, the high expression levels of PRDM1, IFITM3, and EPCAM, which are expressed in murine early PGCs [35, 36] , is of interest. In the mouse, PRDM1 is expressed in the PGC precursors before the germ cell-specific genes, such as DDX4, are turned on [36] . Although it is possible that the cell-surface DDX4-immunoreactive cells are germ cell precursors and convert to bona fide germ cells under appropriate conditions, PRDM1, IFITM3, and EPCAM are expressed in various types of cells [37] [38] [39] . Therefore, their expression alone does not indicate commitment into germline cells. Importantly, expression of the typical germ cell markers, including DDX4, in the cell-surface DDX4-immunoreactive cells does not increase over 100 days after birth, indicating that they were not differentiating toward a 
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germ cell lineage. Moreover, transplantation experiments showed that they never generated teratomas in the recipient testes of immunodeficient mice, although early PGCs form teratomas in adult testes [42, 43] . Altogether, our data support the conclusion that the cell-surface DDX4-immunoreactive cells in postnatal testes are not germ cells. These results also suggest that careful exploration is required for studying cellsurface expression of DDX4 on germ cells in vivo.
Although DDX4 immunoreactivity in the testicular cells was likely a cross-reaction to unknown antigen, our recombinant pDDX4 experiments analyzed by flow cytometry, immunocytochemistry, and Western blot demonstrated that pDDX4 can be expressed on the cell surface. Flow cytometry of COS-1 cells transfected with pDDX4 indicated that 3-5% of cells were cell-surface pDDX4 þ . Since the transfection efficiency was over 80%, only a small fraction of the transfected cells expressed pDDX4 on the cell surface. As pDDX4 does not have a typical transmembrane domain, plasma membrane-targeting and stability in the plasma membrane of pDDX4 are likely to be less efficient. Currently, no model is available to explain how pDDX4 localizes to the plasma membrane, although TMPRED software identified the 330-353 region as a putative transmembrane domain that is conserved in mouse DDX4 as well [9] . An important question is the biological function of cell-surface DDX4. Although cellsurface RNA helicase has not been reported in mammals, an extracellular DEAD-box RNA helicase has been identified in bacteria [45] . Interestingly, the RNA helicase AggH is present on the cell surface and involved in cell aggregation. Therefore, perhaps DDX4 has a unique role other than RNA helicase on the cell surface. However, we also consider the possibility that cell-surface expression of pDDX4 in the transfected COS-1 cells might be due to the artifact of overexpression in non-germ cells.
In summary, this is the first report to identify cell-surface DDX4-immunoreactive cells in the testis. Although the in vitro study shows that pDDX4 can be expressed on the cell surface, cell-surface DDX4 immunoreactivity found in the testicular cells appeared to be due to a cross-reaction. While ovarian cellsurface DDX4-immunoreactive cells are suggested to be OSCs, testicular cell-surface DDX4-immunoreactive cells are not germline stem cells. This study provides important consideration regarding DDX4 expression in mammalian germline stem cells.
